Purpose of Review We review recent evidence for circadian rhythm dysregulation in bipolar spectrum disorders (BSDs). We examine evidence for endogenous abnormalities in the biological clock and disruptions in the external entrainment of circadian rhythms in BSDs. We also address whether circadian dysregulation provides vulnerability to onset of BSD and evidence for a new integration of reward and circadian dysregulation in BSD. Recent Findings Relative circadian phase delay (e.g., later melatonin peak, evening chronotype) is associated with BSD, particularly in the depressive phase. More consistent evidence supports irregularity of social rhythms, sleep/wake and activity patterns, and disruptions of social rhythms by life events, as stable trait markers of BSD and potential vulnerabilities for BSD onset. Growing research supports an integrative reward/circadian model. Summary Both endogenous abnormalities in the biological clock pacemaking function and disruptions in the external entrainment of circadian rhythms by physical and social cues are involved in BSDs. Circadian dysregulation may provide vulnerability to BSD onset.
Introduction
Bipolar disorder involves dysregulation of mood and behavior, with extreme highs and lows in mood, motivation, cognition, and behavior occurring within the same individual. Within the bipolar category, a group of disorders form a spectrum of severity from the milder cyclothymic disorder (involving multiple periods of hypomania and depression that do not meet diagnostic criteria for manic or major depressive episodes), to bipolar II disorder (characterized by hypomanic and major depressive episodes), to bipolar I disorder (involving full-blown manic episodes) at the most severe end of the continuum [1, 2] . Moreover, milder bipolar disorders often progress to more severe forms [1] [2] [3] [4] , supporting the spectrum concept. Approximately 4.4% of the US population exhibits a disorder in the bipolar spectrum [5] and these disorders are often associated with severe personal, social, and economic costs, including high rates of divorce, substance abuse, suicide, and academic and occupational impairment [6, 7] . Given their prevalence and associated impairment, understanding the basis of bipolar spectrum disorders (BSDs) is of great public health importance.
Circadian rhythms, biological processes including sleep/ wake, body temperature regulation, and neurotransmitter and hormone secretion that repeat cyclically, are regulated by a central pacemaker or biological clock located in the suprachiasmatic nucleus (SCN) within the anterior hypothalamus [8] .
Although the SCN can function autonomously, normally, it is entrained by external cues or zeitgebers (German for "time givers"), yielding a period of slightly more than 24 h in humans [9] . The most reliable and powerful zeitgeber is light, This article is part of the Topical Collection on Sleep Disorders but non-photic cues such as auditory stimuli, exercise, and social rhythms or daily activity schedules also can entrain circadian rhythms [10] . Melatonin is considered to be the most accurate physiological indicator of circadian function [11] .
Dysregulation of circadian rhythms has been hypothesized to be a central mechanism in the pathophysiology of BSDs [12, 13, 14••] . Circadian rhythm dysregulation may arise either from stable, trait-like abnormalities of the SCN itself and its pacemaking control over bodily functions, or be the result of dysfunction in the entrainment of the SCN by external zeitgebers [10] . According to the social zeitgeber theory of BSDs [10, 15] , when individuals with or vulnerable to BSDs experience life events that disrupt their daily activity schedules or social rhythms (e.g., bedtime, wake time, mealtimes, start of work), these schedule changes disturb their circadian rhythms and precipitate somatic symptoms, eventually culminating in bipolar mood episodes. Indeed, naturally occurring or experimentally induced changes in daily activity schedules have been found to be associated with changes in circadian rhythms in healthy individuals [16] . Social rhythm disrupting (SRD) events (e.g., causing a change in bedtime) may disrupt circadian rhythms by influencing individuals' exposure to light or via other nonphotic zeitgebers [17] , which can phase shift melatonin and other circadian rhythms [9, 16] .
In this article, we review recent evidence for circadian rhythm dysregulation in BSDs. We organize our review in terms of evidence for potential stable abnormalities in the biological clock itself versus evidence supporting disruptions in the external entrainment of circadian rhythms in BSDs. However, throughout, we note that the circadian rhythm abnormalities observed among individuals with or vulnerable to BSDs are likely the result of both endogenous dysfunction within the circadian system and external perturbations of circadian rhythms (see Fig. 1 ). In our view, if circadian dysregulation is a central mechanism in BSDs, it should be present all along the bipolar spectrum and precede onset of BSD. Thus, throughout our review, we also discuss whether the extant evidence is consistent with a role for circadian rhythm dysregulation in vulnerability to onset of BSDs. Finally, we end with a brief review of evidence for an exciting integration of circadian function and reward system hypersensitivity that may provide a more complete understanding of mechanisms involved in the onset and course of BSDs.
Endogenous Abnormalities of the Biological Clock in BSDs
Melatonin Studies Melatonin, a hormone produced by the pineal gland, plays an important role in the synchronization and regulation of circadian rhythms. There is mounting evidence that people with BSD exhibit melatonin secretion abnormalities. One line of evidence suggests that differences in the amount and timing of melatonin secretion may reflect different mood states of the disorder. For example, increased melatonin levels during the daytime and advanced night-time melatonin peak have been found in mania [18, 19••] , whereas lower levels and later onset of melatonin secretion have been documented in bipolar depression compared with unipolar depression [20] and the euthymic state of BSDs compared with matched controls [21•, 22] . However, other studies suggest that melatonin secretion is consistently low across mood states of BSDs and may be a trait, rather than a state, marker of BSD [23] . Hypersensitivity to melatonin suppression by light has been found in people at risk for [24] or diagnosed with BSD [25, 26] , indicating that dysfunctional external entrainment of the SCN may be a risk factor for BSD. However, several studies obtained no evidence for such an effect in people with BSDs [22, 27, 28] . More research is needed to better understand whether at-risk individuals also exhibit alterations in the amount and timing of melatonin secretion.
Genetic Studies Evidence supporting a genetic role in circadian rhythm dysregulation in BSD has emerged over the past few decades. The circadian locomotor output cycles kaput (CLOCK) gene [29, 30] as well as GSK3-β [31] , PER3 [32] , ARNTL [32] , TIMELESS [33] , and more recently NR1D1 ROR [34] genes all have demonstrated modest associations with BSDs, supporting a polygenetic heritability through which multiple genes contribute to risk for BSD in an additive fashion [14••] .
There is some evidence that expression of circadian genes differs across phases of BSDs, which further implicates circadian dysregulation in the pathogenesis of the disorder. Nováková and colleagues [19••] examined daily profiles of Per1 and NR1D1 clock genes in a sample of individuals with BSD in the manic phase, depressive phase and healthy controls. Relative to depressed individuals, gene profiles were advanced in mania, although this effect only reached trend level significance compared to controls. Additionally, the amplitude of the NR1D1 expression profile was higher in individuals in a manic phase relative to those in a depressive phase. This finding is consistent with prior evidence demonstrating that pharmacological treatments for BSD (e.g., lithium, valproaic acid, SSRIs) affect circadian rhythmicity [21•] .
As stated earlier, it is likely that circadian rhythm abnormalities in BSD occur as a result of both endogenous abnormalities and external disruption of entrainment. Although the genetic evidence presented thus far supports an endogenous pathway, other evidence suggests that circadian rhythm dysregulation may occur as the result of gene/environment interactions. A recent study by Benedetti and colleagues [35•] suggests that the course of BSD, particularly suicidality, depends on both genetic vulnerability and exposure to stressful life events. Among a sample of depressed patients with BSD, those who carried the Rs1801260*C CLOCK gene variant reported worse Hamilton Depression Rating Scale scores for suicidality relative to non-carriers, and the likelihood of attempting suicide was highest among *C carriers who experienced greater numbers of stressful life events in early life relative to those *C carriers who did not.
Chronotype Studies Chronotype is a dimension of betweenperson variation in circadian rhythmicity, representing an individual's self-reported, trait-like preference for activity/wakefulness in the morning versus evening. An individual with 'evening chronotype' endorses preference for later wake-times and later bedtimes, coupled with greater alertness/activity during the evening hours compared to the morning hours. Conversely, individuals endorsing 'morning chronotype' report high levels of alertness and strong mental performance during the earlier part of the day, in addition to preference for going to bed early and waking up early. Approximately 40% of the population is classified as either the morning or evening chronotype, whereas 60% are classified as neither chronotype (i.e., endorsing a mixture of morning and evening chronotype traits) [37•] . Evening chronotype (e.g., eveningness) has been linked to physiological measures of circadian phase delay [36] , including later circadian temperature phase andlatermelatoninonsettimeascomparedtomorningchronotype [37•] . Eveningness has been consistently linked to mood disorders [37•] , including BSDs (see [38•] for comprehensive review).
Several recent studies compared levels of eveningness in BSD individuals to healthy controls (HCs) and found that BSD individuals exhibit greater eveningness [39] [40] [41] [42] [43] 44 •]; however, in contrast, another study found no difference in eveningness between BSD and HC groups [45] . Several studies have compared eveningness in BSDs to various psychiatric control groups. One study found no difference in morningness-eveningness score between BSD and MDD patients [46] . In a study comparing eveningness in patients with bipolar I disorder and schizophrenia, bipolar I patients exhibited more eveningness than patients with schizophrenia [47] . However, Ahn and colleagues [39] did not find a chronotype difference between BSD patients and schizophrenia patients.
The relationship between chronotype and the course of BSDs also has been examined. Several studies explored the association between chronotype and mood state in BSDs; Wood and colleagues [44•] found an association between higher depressive symptoms and eveningness in BSDs. Another study found that, specifically in patients with rapidcycling BSD, those in a depressive episode showed phase delay of morning activities compared to those in euthymic or manic states [48] . However, two other studies suggested no difference between eveningness scores and mood state in BSD [44•, 49] , suggesting that chronotype is stable across mood state and may be a trait marker of the disorder. Several studies also compared eveningness in bipolar I versus bipolar II, and one found no difference [44•] , whereas two studies found that bipolar II patients had higher eveningness scores than bipolar I patients [40, 46] . Functional impairment and outcome also have been studied in relation to eveningness in BSD samples; eveningness was related to poor sleep quality, more unhealthy dietary habits, and more impaired interpersonal relationships [50, 51] .
Few studies to date have examined chronotype as a vulnerability for developing BSDs, but several genetic studies link the eveningness trait to BSDs [52] [53] [54] , suggesting that eveningness may be a pre-existing risk factor for developing BSDs rather than a mere consequence of the illness. Bullock and colleagues [55] found that eveningness was a weak, but significant, predictor of the bipolar vulnerability trait. Another study compared healthy controls to a mixed psychiatric "high-risk group" composed of [60•, 61] . Social rhythm irregularity also was associated with the severity of depressive symptoms and degree of functional impairment in BSD individuals [61, 62] and SRMassessed social rhythm irregularity in BSD individuals was found to be relatively stable over one year of follow-up [63] . Moreover, in longitudinal studies, controlling for baseline hypomanic and depressive symptoms and family history of BSD, lower levels of social rhythm regularity on the SRM at baseline predicted increases in depressive symptoms over four-month follow-up [63] and both a greater likelihood and shorter time to recurrence of major depressive and hypomanic or manic episodes over three-year follow-up [60•] . As predicted by the social zeitgeber model, life events rated by interviewers as causing disruption of social rhythms (e.g., by changing bedtime or wake time) have been found to predict onsets of mood episodes in longitudinal studies of individuals with BSDs. Malkoff-Schwartz and colleagues [64, 65] found that bipolar I patients experienced more SRD events in the 8-and 20-week periods prior to onset of manic, but not depressive, episodes than during a matched control period not preceding an episode onset. In a more recent study, Sylvia et al. [63] reported that bipolar II or cyclothymic participants experienced more SRD events in the 8-week periods prior to onsets of depressive, but not hypomanic, episodes than in matched 8-week control periods. In addition, in between-subjects analyses, BSD participants with a depressive episode onset experienced more SRD events in the 8 weeks before the episode than did demographically-matched BSD participants with no episode onset during the same 8-week period [63] . There was no effect for hypomanic episodes. Moreover, individuals with BSDs may exhibit hypersensitivity to life event-induced social rhythm disruption. Compared to healthy controls matched on age, sex, and race, individuals with BSDs exhibited significantly more interviewer-rated SRD and sleep loss following the occurrence of identical intensity (high or low) and valence (positive or negative) life events, controlling for trait social rhythm regularity on the SRM [66•] .
Studies of samples with no history of BSD, but at risk for developing BSDs, suggest that social rhythm irregularity may provide vulnerability to BSDs. For example, individuals with high General Behavior Inventory (GBI) [67] scores, a demonstrated measure of risk for BSD [68] , exhibited less SRM social rhythm regularity [69, 70] than those with low GBI scores, and low social rhythm regularity was associated with greater across-day mood symptom lability and higher depressive symptoms over a 2-week follow-up [70] . Similarly, Meyer and Maier [71] found that participants at risk for BSDs based on exhibiting hypomanic personality reported less regularity of their daily activities in a short-term diary study than did healthy controls or participants at risk for unipolar depression. The strongest evidence that social rhythm irregularity provides vulnerability to BSDs comes from a truly prospective study [72••] in which low social rhythm regularity at baseline predicted first lifetime onset of a BSD over 3 years of follow-up among adolescents with no prior BSD, but previously shown to be at risk for developing a first onset of BSD [73] . Previously, Alloy et al. [73] demonstrated that adolescents with high self-reported and behavioral reward sensitivity were three times more likely to develop a first onset of BSD compared to adolescents with moderate reward sensitivity. Among these at-risk highly reward sensitive adolescents, those with low social rhythm regularity were even more likely to develop a first onset of BSD than those with high social rhythm regularity [72••] . Further, Boland et al. [74••] found that controlling for baseline mood symptoms, adolescents at risk for BSD based on exhibiting reward hypersensitivity experienced more SRD events over prospective follow-up than did adolescents at low risk for BSD, which, in turn, could make them vulnerable to experiencing bipolar mood episode onset. However, in contrast, Jones and colleagues [75] did not obtain evidence of social rhythm regularity differences between the offspring of parents with bipolar disorder and the age-and sex-matched offspring of controls. Moreover, a limitation of the social rhythm studies is that they did not directly examine whether the social rhythm irregularity or eventinduced SRD actually led to circadian rhythm disruption.
Actigraphy Studies Over the past decade, a growing number of studies have used actigraphy to investigate circadian and sleepwake rhythm disruption in BSD, leading to the publication of several meta-analyses synthesizing their findings [76•, 77, 78••] . Taken as a whole, they report that individuals with BSDs have lower activity levels and earlier circadian acrophase (time of the peak of the fitted circadian rhythm). These individuals also sleeplonger, take longer to fall asleep, spend more time in bed and awake in the middle of night, and show a more variable pattern of sleep-wake cycles. Data from several studies suggest that individuals with BSDs exhibit greater intra-daily variability and lower inter-daily stability and relative amplitude of the rest-activity cycle relative to controls [59, 79, 80] . In addition, even individuals at risk for BSD exhibit lower relative amplitude of the restactivity cycle and more sleep irregularity compared with controls [78••, 81, 82] . Notably, variability in the sleep-wake cycle has been shown to predict the onset of depressive episodes among people with interepisode bipolar disorder [83] .
Circadian Rhythm Entrainment Therapies As posited in the social zeitgeber model of BSD, social rhythms are thought to entrain circadian rhythms, the stabilization of which is thought to improve affective symptoms and episodes. This theory forms the foundation of Interpersonal and Social Rhythm Therapy (IPSRT) [84] , a psychosocial intervention for BSD that combines aspects of Interpersonal Psychotherapy with a social rhythm stabilization protocol that aims to stabilize daily routines, and thus, regularize circadian rhythms. The efficacy of IPSRT has been supported by RCTs that show significant improvement in mood [85, 86] as well as longer time to relapse compared to medication management alone [85] . Other therapies aim to stabilize circadian rhythms via externalmanipulations ofcircadian cues (i.e.,chronotherapeutics). Thesetherapies primarily involvetimed exposureto brightlight,as well as manipulations of the sleep/wake cycle (e.g., total and/or partial sleep deprivation conducted either in a single night or over a course of administrations). Such therapies have shown to be effective in bipolar samples, with the addition of bright light therapy often sustaining the rapid antidepressant effect of sleep deprivation [87•, 88, 89] . Some evidence suggests this effect is moderated by differences in objective versus self-reported severity of depression symptoms, however. Suzuki et al. [90] found that chronotherapeutics were less effective among individuals who demonstrated high discrepancy between clinician-assessed and self-reports of depression, suggesting that such baseline screening methodology may be an efficient and cost-effective way to improve treatment-matching practices. Crowe and colleagues [91••] authored a comprehensive review of social rhythm interventions for BSD, and concluded that both IPSRTand sleep/light interventions are helpful in improving mood, although questions remain about whether IPSRT is superior to intensive supportive care, or if sleep/light interventions offer sustained improvement.
Integration of Reward and Circadian Systems in BSDs
An exciting development in circadian rhythm dysregulation research in BSDs is theoretical models and accompanying studies that integrate reward processing and circadian function [14••, 92••, 93, 94] . This direction is significant because much evidence now supports hypersensitivity of the reward system as a vulnerability to BSDs, and increases and decreases in reward system activation as a central mechanism in mood episode onsets [73, 92••, 95-98] . Growing evidence suggests that the SCN and dopamine-mediated corticostriatal neural circuitry involved in reward processing have multiple interactions and bidirectional associations with each other [14••, 99, 100] . Indeed, clock genes are heavily expressed in many brain reward areas, including the ventral tegmental area, nucleus accumbens, and amygdala [101] and are associated with reward-related neural activity [102] . Thus, Alloy and colleagues [92••] proposed an integrated Reward and Circadian Rhythm (RCR) dysregulation model to explain the symptoms, onset, and course of BSDs.
According to models of circadian-reward system integration [14••, 92••, 93, 103 ••], activation of the reward system is influenced by timing information from the SCN, such that appetitive motivation and reward sensitivity exhibit a circadian rhythm. Consequently, circadian rhythm disruption should also affect patterns of reward system activation, and thus, potentially bipolar symptoms [92••] . Consistent with this hypothesis, circadian rhythm effects on reward motivation have been demonstrated in animal studies [104; see 103 for review]. Additionally, human studies have observed circadian rhythms in self-reported positive affect and subjective alertness (indicators of reward system activation) and performance on a reward task [103••, 105-107] , with reward activation greatest in the afternoon. Similarly, in a pilot fMRI study of healthy young adults, Hasler, Forbes, and Franzen [108•] found time of day (circadian) differences in the neural processing of monetary rewards, such that striatal responses to reward also were greater in the afternoon than morning. In addition, relative to morning chronotypes, adolescents with evening chronotype (suggesting relative circadian phase delay) exhibited less medial prefrontal cortex (mPFC) reactivity during reward anticipation and more striatal reactivity during reward outcomes on the fMRI monetary reward paradigm [109] . Moreover, among healthy adolescents, shifts in sleep timing during the weekends relative to weekdays (suggesting disruptions compared to the weekday rhythms) were associated with reduced mPFC and striatal reactivity to rewards in the fMRI monetary reward task [110] .
Alloy and colleagues' RCR model [92••] is unique in also elucidating how reward hypersensitivity and reward-relevant life events may affect social and circadian rhythm disruption, and thus, bipolar symptoms. In individuals who are hypersensitive to rewards, reward system-activating (e.g., a job promotion) and -deactivating (e.g., loss of a loved one) events will lead to excessive reward system activation and deactivation, respectively (see 92 for a review of evidence), which, in turn, will disrupt social rhythms, and thus, circadian rhythms, and lead to hypomanic/manic or depressive symptoms, respectively. For example, upon encountering approach-activation events (e.g., a potential job promotion), a reward hypersensitive individual should experience excessive reward activation and exhibit excessively high goal striving, approach motivation, and response initiation [95, 97, 111] , behaviors incongruent with maintaining regular social rhythms. Thus, he or she may work excessively long hours, neglect normal daily routines (e.g., bedtime, mealtimes), and consequently, disrupt their circadian rhythms, leading to hypomanic/manic symptoms. Similarly, excessive reward deactivation brought about by approach-deactivating events (e.g., irreversible job loss) also may lead to ignoring social routines and ultimately, depressive symptoms.
Consistent with the RCR model, Alloy et al. [72••] found that reward hypersensitivity and social rhythm irregularity combined to predict first onset of BSDs in adolescents with no prior history of BSD followed for three years. In addition, Boland et al. [74••] reported that high reward-sensitive adolescents experienced significantly more interviewer-rated SRD following the occurrence of approach-activating and -deactivating life events than did moderately reward-sensitive adolescents, as the RCR model predicts. Moreover, these approach-activating and -deactivating events predicted prospective increases in hypomanic and depressive symptoms, respectively, mediated by the increases in SRD, with these effects stronger for high than moderately trait reward-sensitive adolescents [74••] . Thus, the evolving research on circadian-reward system interactions shows considerable promise for further elucidating the mechanisms involved in BSDs.
Conclusions
Considerable support has accumulated for the role of circadian dysregulation in BSDs; however, many gaps in the evidence base remain to be addressed. The extant literature suggests that both endogenous abnormalities in the SCN pacemaking function and disruptions in the external entrainment of circadian rhythms by light and social zeitgebers are involved in BSDs. Most of the existing research only has demonstrated that circadian dysfunction is associated with BSD. Much less evidence exists that directly tests whether circadian dysregulation provides vulnerability for the initial development of BSD or is a causal factor in the course of BSD.
Regarding endogenous circadian abnormalities, the evidence is mixed with respect to whether such dysregulation is a trait marker of BSD or mood state dependent. Some studies of melatonin, chronotype, and expression of circadian genes find differences in depressive versus manic phases of BSDs, suggesting relative circadian phase delay in depressive phases and phase advance in manic states. Alternatively, other studies report consistent abnormalities across mood state. Of these, most indicate relative circadian phase delay (e.g., later melatonin peak, evening chronotype) associated with BSD. Many fewer studies have examined endogenous circadian dysfunction in at-risk individuals, but those that do are mildly suggestive that evening chronotype and hypersensitivity to suppression of melatonin by light may provide vulnerability to BSD. No studies to date have provided a strong test of the vulnerability hypothesis by examining endogenous circadian abnormalities as prospective predictors of first onset of BSD.
More consistent evidence indicates that disturbances in the external entrainment of circadian rhythms may be a mood state independent trait marker of BSDs, as well as a predictor of first onset and course of BSD. Irregularity of social rhythms/daily schedules and of sleep/wake and activity patterns, as well as disruptions of social rhythms by life events have been observed in the euthymic state and show some stability over time and across illness phases. Moreover, longitudinal studies indicate that social rhythm irregularity and SRD events predict subsequent mood episodes and a truly prospective study demonstrates that trait social rhythm irregularity predicts first onset of BSD in at-risk adolescents. Further, interventions designed to regularize external entrainment of circadian rhythms by social rhythms or light show some effectiveness in improving mood symptoms and functioning. However, a limitation of these studies is that they have not directly assessed the effects of social rhythm disruptions on circadian disruption.
Finally, growing evidence supports the bidirectional influence of the circadian and reward systems on each other. Reward system activation is influenced by circadian rhythms and, in turn, activation of the reward system by rewardrelevant events leads to mood symptoms through their effect on social rhythm disruption. Further development of an integrative reward-circadian model of BSDs provides promise for a more complete understanding of the pathophysiology of BSDs and suggests exciting directions for new integrative studies. Ultimately, an integrated reward and circadian model should provide improved targets for intervention.
